The 33-kDa matrix protein SPARC (BM-40, osteonectin) binds several collagen types with moderate affinity. The collagen-binding site resides in helix ␣A of the extracellular calciumbinding domain of SPARC and is partially masked by helix ␣C. Previously, we found that the removal of helix ␣C caused a 10-fold increase in the affinity of SPARC for collagen, and we identified amino acids crucial for binding by site-directed mutagenesis. In this study, we used rotary shadowing, CNBr peptides, and synthetic peptides to map binding sites of SPARC onto collagens I, II, and III. Rotary shadowing and electron microscopy of SPARC-collagen complexes identified a major binding site ϳ180 nm from the C terminus of collagen. SPARC binding was also detected with lower frequency near the matrix metalloproteinase cleavage site. These data fit well with our analysis of SPARC binding to CNBr peptides, denaturation of which abolished binding, indicating triple-helical conformation of collagen to be essential. SPARC binding was substantially decreased in two of seven ␣2(I) mutant procollagen I samples and after N-acetylation of Lys/Hyl side chains in wild-type collagen. Synthetic peptides of collagen III were used to locate the binding sites, and we found SPARC binding activity in a synthetic triple-helical peptide containing the sequence GPOG-PSGPRGQOGVMGFOGPKGNDGAO (where O indicates 4-hydroxyproline), with affinity for SPARC comparable with that of procollagen III. This sequence is conserved among ␣ chains of collagens I, II, III, and V. In vitro collagen fibrillogenesis was delayed in the presence of SPARC, suggesting that SPARC might modulate collagen fibril assembly in vivo.
Collagens are major components of the extracellular matrix, comprising ϳ30% of the protein mass of vertebrates. At least 28 collagens have been identified so far (1-3) encoded by 46 separate genes. The defining feature of collagens is a triple-helical domain assembled from three polypeptide strands, called ␣-chains, which each consist of repeating Gly-X-Y sequences, where X is often proline and Y is often hydroxyproline. This primary structure facilitates left-handed poly-proline II helical conformation in each ␣-chain, and three ␣-chains form a righthanded triple helix stabilized by interchain hydrogen bonds (4) . To form this structure, Gly is required as every third residue. Its lack of side chains allows contact between ␣-chains, whereas the side chains of residues X and Y are exposed on the surface of the triple helix where they can interact with various molecules. Collagens are major structural proteins, endowing mechanical strength upon the extracellular matrix and also regulating cell behavior through the binding of cell surface receptors and other proteins, such as discoidin domain receptors, a subset of the integrins ␣1␤1, ␣2␤1, ␣10␤1, and ␣11␤1, NG2 proteoglycan, and many matrix molecules (5-7). Nearly 50 different ligands have been shown to interact with collagen, and the binding sites for half of these have been mapped onto collagen I (8) . The binding to integrins is particularly well studied using synthetic peptides (9 -11) , and the interaction between the I domain of integrin ␣2 and a collagen peptide has been elucidated at the atomic level (12) . SPARC (secreted protein acidic and rich in cysteine), also referred to as BM-40 or osteonectin, is an abundant 33-kDa extracellular calcium-binding protein expressed in various tissues. Particularly high expression is associated with morphogenesis, tissue repair, and remodeling. SPARC belongs to the matricellular protein family, which includes thrombospondins, osteopontin, CCN proteins (CRY61, CTGF, and NOV), and tenascin-C and -X. These proteins are thought to modulate cell-matrix interactions and cell function rather than to contribute to the structural integrity of the extracellular matrix (13) . SPARC is a counter-adhesive and anti-proliferative protein that also regulates the activity of growth factors, such as platelet-derived growth factor, vascular endothelial growth factor, and fibroblast growth factor-2 (14, 15) . It interacts with the fibrillar collagens (types I, II, III, and V), basement membrane collagen IV, vitronectin, thrombospondin 1, albumin, hydroxyapatite (16) , and fibrinogen fragments (17) . Barker et al. (18) reported that SPARC regulates fibronectin matrix assembly through its modulation of integrin-linked kinase activity. Interestingly, targeted disruption of the SPARC gene revealed an important role in lens transparency, because SPARC-null mice develop early onset cataracts (19, 20) . Other phenotypes of SPARC-null mice are osteopenia (21) , alteration of collagen fibrils in dermis (22) , and accelerated dermal wound healing (23) , suggesting that SPARC is involved in collagen fibrillogenesis. These data indicate that SPARC both modulates cellular phenotype and is involved in tissue organization.
SPARC consists of three domains, a flexible N-terminal domain I, a follistatin-like domain, and a C-terminal extracellular EF-hand calcium-binding (EC) 3 domain (24) . The structures of the follistatin-like and EC domains have been elucidated by x-ray crystallography (25, 26) . The EC domain possesses a binding site of moderate affinity for several types of collagen located in helix ␣A, which is partially masked by helix ␣C (supplemental Fig. S1 ). The cleavage of a single peptide bond in helix ␣C either by unknown endogenous proteases (between (27) or by MMPs (between Glu-196 and Leu-197) (28) increases affinity for collagen by a factor of 10. Based on these observations, we have expressed the helix ␣C deletion mutant (SPARC ⌬I, ␣C, in which the residues Val-196 to Phe-203 are deleted) to mimic this effect of cleavage on affinity for collagen. X-ray crystallography of the deletion mutant demonstrated a rearrangement in the shortened link region between helix ␣A and the pair of EF hands, exposing the central part of helix ␣A, in which the collagen-binding site is located (29) . It can be assumed that a similar situation exists in tissues when SPARC is nicked proteolytically at helix ␣C. Therefore, the deletion mutant, SPARC ⌬I, ␣C can be a good model of the activated form of SPARC (29) (supplemental Fig.  S1 ). This deletion mutant has allowed us to map the binding site and identify within it by site-directed mutagenesis those amino acids crucial for collagen binding (29) . Meanwhile, we have developed two neoepitope-specific antibodies that distinguish between two adjacent cleavage sites and neither of which bind intact SPARC (30) . Using these antibodies, a variable degree of cleavage was detected in SPARC obtained from several adult mouse tissues, suggesting this cleavage to be a physiological mechanism of modulating collagen binding. There is evidence that the N-glycan at Asn-99 also modulates the binding affinity for collagen (31) (32) (33) , but the mechanism remains to be elucidated.
To date, most information on the SPARC-collagen interaction concerns SPARC alone, and much less is known about the binding site on collagens, apart from a single study on collagen I using atomic force microscopy (34) . Further, the biological consequences of SPARC-collagen interaction in vivo are poorly understood. In the present study we mapped the SPARC-binding sites on collagens I, II, and III by using the intact collagens, CNBr peptides, and synthetic peptides. Rotary shadowing was used for the visualization of complexes. In this study the deletion mutant of SPARC (SPARC ⌬I, ␣C) was used because recombinant wild-type SPARC has a lower affinity for collagen because of the absence of endogenous cleavage, whereas the native alternative, SPARC obtained from Engelbreth-Holm-Swarm tumor, is a mixture of intact and enzyme-nicked protein (27) . We also showed that some mutations in the collagen ␣2(I) chain of patients with osteogenesis imperfecta (OI) caused decreased SPARC binding to collagen I. In vitro collagen fibrillogenesis assays demonstrated that SPARC may play a role for collagen fibril assembly.
EXPERIMENTAL PROCEDURES
Sources of Proteins-Acid-soluble collagen I from bovine skin, pepsin-soluble collagen II from bovine nasal septum, and their CNBr peptides were prepared and analyzed as described previously (35) (36) (37) . Collagen III was purified from pepsin digests of fetal calf skin. Recombinant procollagen II (38) was kindly provided by Dr. Darwin Prockop (Tulane University). Recombinant human SPARC (39) and its deletion mutant ⌬I, ␣C (SPARC ⌬I, ␣C) (29) were prepared as described. Chemical modification of collagens and characterization of derivatives were described previously (40) .
Purification of Human Procollagen I-Human procollagen I was purified from serum-free conditioned medium of skin fibroblasts derived from human dermal punch biopsies, under Institutional Review Board-approved protocols. The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum; serum-free conditioned medium was collected from confluent cells. Procollagen I was precipitated from the medium by adding solid ammonium sulfate to a final concentration of 176 mg/ml (30% saturation). The pellet was dissolved in 0.05 M Tris-HCl, pH 7.5, with 2 M urea, 2.5 mM EDTA in the presence of protease inhibitors (10 mM benzamidine, 2 mM N-ethylmaleimide, and 0.1 mM phenylmethylsulfonyl fluoride), dialyzed overnight against the same buffer, and loaded onto a DEAE-cellulose (DE52; Whatman) column (2.5 ϫ 6.5 cm) equilibrated in the same buffer without inhibitors. Procollagen I was eluted with a linear gradient of 0 -0.2 M NaCl. Fractions containing procollagen I were pooled, dialyzed against 0.05 M Tris-HCl, pH 7.5, 0.4 M NaCl, 0.01% NaN 3 , and concentrated by ultrafiltration. Purified procollagen I was stored at Ϫ80°C.
Seven differently mutated procollagen I samples were similarly purified from the culture media of skin fibroblasts originating from osteogenesis imperfecta patients. All of the mutations were single glycine substitutions in the triple-helical domain of the pro-␣2(I) chain (Gly-250 3 Ser, Gly-421 3 Asp*, Gly-436 3 Arg, Gly-622 3 Asp*, Gly-646 3 Cys, Gly-688 3 Ser, and Gly-706 3 Ser*, where the asterisks indicate lethal mutations; amino acids are numbered from the first glycine of the triple-helical domain). Data describing the phenotype and the characteristics of these mutations are given in Ref. 41 . In principle, all of the mutated procollagen samples are a ϳ1:1 mixture of normal and overmodified trimers, containing a normal or a mutated ␣2(I) chain, respectively, as determined by SDS-PAGE analysis with and without pepsin treatment. Under these conditions, a band with normal mobility and a band with delayed mobility for both the ␣1(I) and ␣2(I) chains are detected (data not shown).
Recombinant Production and Purification of Human Procollagen III-Human embryonic kidney 293 cells, which were stably co-transfected with human ␣1(III) procollagen chain and with murine HSP47 (42) , were used to collect serum-free conditioned medium in the presence of L-ascorbic acid phosphate at 77 g/ml (Wako Pure Chemical Industries, Osaka, Japan). The medium (400 -500 ml) was dialyzed against 0.05 M TrisHCl, pH 8.6, with 2 M urea, and passed over a DEAE-cellulose (DE52; Whatman) column (2.5 ϫ 15 cm) equilibrated in the same buffer as used for dialysis. Elution was carried out with a linear gradient of 0 -0.5 M NaCl (400 ml) and procollagen III eluted at ϳ0.15 M NaCl. Procollagen III was further purified on a Superose 6 HR16/50 column (GE Healthcare) equilibrated in 0.05 M Tris-HCl, pH 8.6, 0.5 M NaCl. The purity and CD spectrum of procollagen III are shown in supplemental Fig. S2 .
Proteolytic Digestions-Pepsin digestion was performed in 0.1 M acetic acid at 20°C for 2 h at an enzyme-substrate ratio of 1:100 and stopped by adding 1 M NaOH to inactivate pepsin. Cleavage was examined by SDS-PAGE under reducing conditions.
To obtain fragments generated by MMP13, collagen was dissolved in 0.05 M Tris-HCl, pH 7.4, containing 0.5 M NaCl, 10 mM CaCl 2, and digested with recombinant human proMMP13 (kindly provided by Dr Gillian Murphy, University of Cambridge) (43) at an enzyme-substrate ratio of 1:100 at 25°C for 24 h. Prior to the digestion, proMMP13 was activated by 2 mM p-aminophenylmercuric acetate at room temperature for 1 h. The cleavage products were separated on Superose 6 HR10/30 equilibrated in 0.05 M Tris-HCl, pH 7.4, containing 0.5 M NaCl. Purified fragments were analyzed by SDS-PAGE (supplemental Fig. S2 ).
To test whether SPARC interferes with MMP cleavage of collagens I, II, and III, 2 g of collagen samples (collagen I, procollagen II, collagen II, procollagen III, and collagen III) were incubated with 0.02 g of MMP1 (kindly provided by Dr Hideaki Nagase, Imperial College, London) or MMP13 in the presence of SPARC ⌬I, ␣C at different ratios at 25°C and different time intervals and then analyzed by SDS-PAGE.
Analytical Methods-Protein concentrations were determined after hydrolysis with 6 M HCl (16 h at 110°C) on a LC 3000 amino acid analyzer (Biotronik). SDS-polyacrylamide electrophoresis followed standard protocols. The runs were calibrated with protein standards. Edman degradation was performed on 473 and Procise sequencers following the manufacturer's instructions (Applied Biosystems). Samples for CD analysis were dissolved in 0.1 M acetic acid, and protein concentrations were determined by amino acid analysis. CD spectra in the far UV region were recorded at 10°C on a JASCO J-715 CD spectropolarimeter in a thermostatted quartz cell with an optical pathlength of 1 mm. Scans were performed at 20 nm/min, collecting data points every 0.1 nm and averaging the data over at least five scans, with background subtraction. Molar ellipticities [⍜] were calculated assuming a mean residue molecular mass and were expressed in degrees cm 2 dmol Ϫ1 . Rotary Shadowing-Electron microscopy followed standard protocols for rotary shadowing of proteins (44) . In experiments to visualize collagen/SPARC complexes, procollagen and SPARC ⌬I, ␣C were incubated in 1:1-1:3 ratios at 30 -50 g/ml for 2 h at room temperature in 0.05 M Tris-HCl, pH 7.4, containing 0.15 M NaCl, 2 mM CaCl 2 , 0.05% Tween 20. The solutions were dialyzed against 0.2 M ammonium bicarbonate before proceeding to rotary shadowing. The lengths of collagen molecules and the locations of binding sites were measured using NIH Image J 1.55 software.
Binding Assays-The collagens were immobilized by adsorption on plastic wells, and SPARC ⌬I, ␣C was used as a soluble ligand as established previously (45) . Binding tests were performed in the presence of 2 mM CaCl 2 at room temperature unless mentioned. For denaturing conditions, collagenous samples were heated at 50°C for 5 min prior to coating.
Synthesis of Collagen Peptides-The Collagen III Toolkit was used to map the SPARC-binding site onto collagen III. Peptide synthesis, using an AB Systems Pioneer automated synthesizer and N-(9-fluorenyl)methoxycarbonyl (Fmoc) chemistry, and the sequences have been described in detail (11); briefly, the peptides were purified after synthesis by high pressure liquid chromatography, identity, and purity proven by matrix-assisted laser desorption ionization time-of-flight mass spectrometry, and triple-helical conformation in aqueous solution demonstrated by polarimetry. The host-guest strategy was applied (46) to prepare a set of overlapping homotrimeric peptides from the entire triple-helical domain of collagen III. The guest sequence of 27 amino acids (primary collagen sequence) are placed between (GPP) 5 hosts, and the C-terminal 9 amino acids of each peptide overlap with the first 9 amino acids of the next peptide.
Collagen Fibrillogenesis Assay-Acid soluble calf collagen I in 50 mM acetic acid (1.22 mg/ml) was diluted into 150 mM sodium phosphate buffer, pH 7.8, with 150 mM NaCl, at a final concentration of 122 g/ml. Fibril formation in the absence and presence of SPARC or SPARC ⌬I, ␣C at different molar ratios was measured by monitoring absorbance at 313 nm in a Cary4 spectrophotometer at 34°C.
RESULTS

Localization of SPARC-binding Regions in Collages I, II, and
III-To locate the SPARC-binding regions on collagens, we examined mixtures of SPARC ⌬I, ␣C and collagen by rotary shadowing followed by electron microscopy (Fig. 1) . The use of procollagens allowed the C terminus of collagen molecules to be identified, because the C-propeptides appeared as globular structures. The total length of collagen molecules was found to be ϳ300 nm, indicating that the majority of collagen molecules are intact (304 Ϯ 12 nm for procollagen I, 321 Ϯ 24 nm for procollagen II, and 320 Ϯ 18 nm for procollagen III). SPARC molecules were found at two or three different sites on procollagen I (Fig. 1A ) and procollagen II (Fig. 1B) . Usually only a single SPARC molecule was observed on procollagen III, with infrequent binding of one or two additional molecules (Fig. 1C) . The position of SPARC was calculated as the distance from the procollagen C terminus, and histograms are shown in Fig. 2 . For procollagen I, frequent binding was found at 72 Ϯ 10 and 177 Ϯ 6 nm from the C terminus. Almost equal frequencies of occupation of collagen II were observed at 77 Ϯ 13 and 186 Ϯ 9 nm from the C terminus. These data suggested the presence of two binding sites on collagen I and II and one binding site on collagen III, at 182 Ϯ 9 nm from its C terminus. Sites observed to be occupied by SPARC with ϳ10% of the frequency of the most prominent sites may represent in all three collagens either low affinity sites or artifacts of identification.
Characterization of the Binding of SPARC to CNBr Peptides Derived from Collagens I and II and Modified Collagens-CNBr
peptides from bovine collagens I and II were purified and characterized previously (35) (36) (37) . CB8, CB3, CB7, CB6, CB3,7, and CB3,8 of the ␣1(I) chain, CB4 and CB3,5 of the ␣2(I) chain (Fig.  3B) , and CB12, CB11, CB8, and CB10 of the ␣1(II) chain (Fig.  3D) were immobilized for solid phase binding assays. The activated form of SPARC (SPARC ⌬I, ␣C) was used as soluble ligand. The results are shown in Fig. 3 . Prominent binding to ␣1(I) CB3,8, which consists of uncleaved CB3 and CB8, was observed, and the concentration of SPARC ⌬I, ␣C required for half-maximal binding was 85 nM. The individual peptides CB3 (Fig. 3A) and CB8 (not shown) did not interact with SPARC, suggesting that its binding site is located near the junction of these two peptides, at residue 402 (Fig. 3B ). Other peptides, CB7, CB3,7 of ␣1(I), and CB3,5 of ␣2(I) showed weaker binding that did not reach a plateau (Fig. 3A) . CB7 and CB3,7 of ␣1(I) contain the second binding site (72 Ϯ 10 nm from the C terminus) located by rotary shadowing. This site was occupied with lower frequency compared with the site in ␣1(I) CB3,8. CB3,5 of ␣2(I) contains two binding sites demonstrated by rotary shadowing but has much lower affinity than homotrimeric peptides (CB3,8, CB7, and CB3,7) derived from ␣1(I) chain. CNBr peptides of bovine collagen II, CB10 and CB12 but not CB11 and CB8, interacted with SPARC, with CB10 displaying higher affinity (Fig. 3C) . Although we observed the same binding profile for CB12 reproducibly, we cannot interpret this binding because it does not correlate with the rotary shadowing data. All of the binding shown in Fig. 3 (A and C) was abolished after denaturation of peptides at 50°C for 5 min, indicating that triple-helical conformation is required for the interaction (data not shown).
We also found that chemical modification of the primary amino groups of collagens I and II reduced their affinity for SPARC ⌬I, ␣C, with N-methylation having a lesser effect than N-acetylation (supplemental Fig. S3) .
Binding of SPARC to the Fragments Obtained by MMP13 Cleavage-Mammalian collagenases are known to cleave collagens and yield two fragments consisting of 3 ⁄ 4 and 1 ⁄ 4 of collagen molecules. In this study, MMP13 was used to obtain the fragments of collagen I and procollagen III, and the resulting fragments were separated by size exclusion chromatography and analyzed by SDS-PAGE (electrophoretograms of the fragments obtained from procollagen III are shown in supplemental Fig.  S2 ). These fragments were used in a solid phase assay to locate the SPARC-binding site on the collagen I (Fig. 4A) and III molecule (Fig. 4B) . SPARC ⌬I, ␣C interacted well with the larger fragment corresponding to the N-terminal three-quarters of collagen molecule; however, ϳ10 times higher concentration of SPARC ⌬I, ␣C was required to achieve the same half-maximal binding than to full-length collagens. The short fragment (onequarter) of collagen I showed marginal binding (Fig. 4A) , whereas the same fragment of collagen III had no binding (Fig.  4B) . However, the binding is insignificant, and the data did not give any conclusion as to where the second binding site is located on collagen I.
Rotary shadowing showed a prominent binding to the region ϳ80 nm from the C terminus of procollagens I and II but was much less obvious in procollagen III. Because this is in the area of the MMP cleavage site, we wondered whether SPARC may interfere with the binding of MMPs to collagens. Therefore, different molar ratios of SPARC ⌬I, ␣C were incubated with collagens at room temperature for 30 min prior to addition of MMP1 or MMP13. The reaction mixtures were analyzed by SDS-PAGE to evaluate cleavage of collagens by MMPs. Only marginal inhibition was detected when SPARC ⌬I, ␣C was present at more than 10-fold molar excess, and no difference was observed among collagen I, II and III (data not shown), suggesting that SPARC did not bind to the same site as MMPs.
Binding of Synthetic Peptides of Human Collagen III-Collagen III is a homotrimer composed of three ␣1(III) chains, and a set of synthetic peptides of human collagen III was used to map the SPARC-binding sites. The design of these peptides (Collagen III Toolkit) is described under "Experimental Procedures" and was characterized previously (11) . We have tested that part of the Toolkit that covers residues 361-1029 of the triple-helical domain, with (GPP) 10 as control. Only peptide 23 (GPC(GPP) 5 GPOGPSGPRGQOGVMGFOGPKGNDGAO (GPP) 5 GPC-NH 2 ; residues 397-423, where O is 4-hydroxyproline) showed high affinity binding comparable with the full-length procollagen III. Truncation by four triplets, retaining the sequences GPSGPRGQOGVMGFO and GPRGQOGVMGFOGPK, reduced binding activity by 2 orders of magnitude. Further truncation to the sequences GPSG-PRGQOGVM, GPSGPRGQO, and GFOGPK reduced binding yet further (Fig. 5) .
Effect of Collagen Mutations on SPARC Binding-We examined the effect of seven different mutations in the triplehelical domain of the pro-␣2(I) chain of procollagen I samples obtained from patients affected with OI. The mutations are listed under "Experimental Procedures." The data clearly showed a selective effect: two mutations (lethal Gly-421 3 Asp and nonlethal Gly-688 3 Ser) caused a large decrease in the affinity for SPARC ⌬I, ␣C, whereas the other mutations had a smaller or no effect (Fig. 6 ). Saturation curves (supplemental Fig. S4 ) and dissociation constants for all OI samples (supplemental Table S1 ) are reported in the supplemental material.
Effect of SPARC on Collagen I Fibrillogenesis-We examined collagen I fibril formation in vitro in the presence of SPARC or SPARC ⌬I, ␣C. When SPARC was added, lag phases were lengthened by ϳ40 min at 10-or 17-fold molar excess of SPARC over collagen I and by 20 min using a 1.7-fold excess (Fig. 7A) . In the presence of SPARC ⌬I, ␣C at equimolar or 2.6-fold excess, fibrillogenesis was nearly or completely inhibited over 2 h (Fig. 7B) . With collagen I in 3.8-fold excess over SPARC ⌬I, ␣C, fibrillogenesis was delayed by 40 min. No effect was observed when either SPARC or SPARC ⌬I, ␣C were added in the middle of the fiber growth phase. These data suggest that SPARC may control the nucleation of collagen fiber assembly. 
DISCUSSION
In this study we have used several different strategies to identify the binding sites for SPARC on fibrillar collagens type I, II, and III. Rotary shadowing demonstrated two binding sites on procollagens I and II, and one prominent binding site on the procollagen III molecule (Fig. 8A ). We found a major site located at ϳ180 nm from the C terminus (circa residue 400 in the triple-helical domain). A less preferred binding site is located 60 -100 nm from the C terminus. These data are in partial agreement with the binding regions mapped by atomic force microscopy (34), in which the major binding of SPARC to procollagen I was identified 87.5-125 nm from the C terminus. No binding was reported 180 nm from the C terminus, but a second putative binding site was described at 237.5-262.5 nm from the C terminus (34) , which might correspond to our low frequency binding region on procollagen III (260 -284 nm from C terminus, residues 160 -190) and to the low affinity binding to ␣1(II) CB12. The discrepancy could be due to the different experimental methods or the source of SPARC. Wang et al. (34) used recombinant SPARC expressed in insect cells, and such proteins tend to undergo mannose-rich glycosylation (47) . SPARC with high mannose N-glycans, purified from bone or expressed in an osteosarcoma cell line, were shown to have a higher affinity for collagen I (33) . On the other hand, prevention of N-glycosylation by introducing a mutation caused an insignificant change in the binding of SPARC to collagens I and IV (28) . These data suggest that mannose-rich N-glycans might interact with collagen I directly, whereas our HEK293-expressed SPARC may interact differently with collagen.
We have prepared and used a set of CNBr peptides of bovine collagen I and II for SPARC binding analyses. CB3,8 of ␣1(I) exhibited significant binding, whereas individual CB3 and CB8 showed no binding, suggesting that the binding site is located close to methionine 402. Similarly, homologous peptides CB8 and CB11 in collagen II did not bind SPARC. For the ␣2(I) chain, we could test only CB3,5, a peptide that embraces both binding sites visualized by rotary shadowing of procollagen I. 
(dark blue triangles), CB8 (green inverted triangles), and CB10 (red squares). D, the schema shows the location of CNBr peptides in collagen ␣1(II).
CNBr peptides (10 g/ml in phosphate-buffered saline) were coated onto 96-well plate at 4°C overnight and then coated wells were blocked with 1% bovine serum albumin/phosphate-buffered saline at room temperature for 1 h. The uncoated wells blocked with bovine serum albumin were used as negative control. The incubation with SPARC ⌬I, ␣C was performed at room temperature for 2 h in the presence of 2 mM CaCl 2 , and the bound SPARC ⌬I, ␣C were detected using a specific antibody. Binding assays were done several times, and representative data are shown here. Heat denaturation of CNBr peptides before coating and the presence of EDTA abolished the bindings. Shown is a representative of five experiments, each performed in duplicate. However, its binding to SPARC was much weaker than CB3,8, CB3,7, and CB7 of ␣1(I), suggesting that the contribution of the ␣2(I) chain to binding is low or that fully competent sites require a contribution from the ␣1(I) chain as well as ␣2(I), as might be the case in native heterotrimers. Such a scenario has been proposed for the binding of von Willebrand factor (VWF) to collagen I (48) .
Using the Collagen III Toolkit (11), we identified GPOGPS-GPRGQOGVMGFOGPKGNDGAO as the minimal peptide sequence for SPARC binding. We searched for this sequence among the collagens shown to interact with SPARC and found highly conserved sequences in the ␣ chains of collagen I, II, and V (Fig. 8B) . SPARC also binds to basement membrane collagen type IV. Although the electron microscopy after rotary shadowing demonstrated one SPARC ⌬I, ␣C molecule on collagen IV ϳ185 nm from the C terminus (data not shown), we failed to find homologous sequences in the ␣1(IV) and ␣2(IV) chains. The localization of the SPARC-binding sequence in collagen I and II fitted well with the data obtained by rotary shadowing and CNBr peptides (Figs. 2 and 3) . The reduced binding after N-acetylation of Lys/Hyl residues may reflect loss of a positive charge involved in binding or steric hindrance of the interaction by the more bulky, N-acetylated side chains (supplemental Fig. S3) . The presence of a conserved lysine residue in the binding sequence of these collagen chains suggests that this lysine residue may be involved in SPARC binding (Fig. 8B) .
Several extracellular matrix proteins possess EC domains related to SPARC (49) . A sequence comparison of those regions of SPARC critical for collagen binding shows that quail retina protein QR1 (50) and SC1/Hevin (51, 52) are remarkably con-FIGURE 5. Solid phase assay using synthetic peptides of collagen III. Immobilized ligands used are procollagen III (E), peptide 23 containing the amino acids residues 397-423 (GPOGPSGPRGQOGVMGFOGPKGNDGAO) of the triple-helical domain of human collagen III (F), peptide 23GPS-GFO (GPS-GPRGQOGVMGFO) (‚), peptide 23 GPS-GVM (GPSGPRGQOGVM) (OE), peptide 23GPS-GQO (GPSGPRGQO) (ƒ), peptide 23GFOGPK (), and peptide 23 GPR-GPK (GPRGQOGVMGFOGPK) (᭛). Procollagen III and peptides were coated at 10 g/ml at 4°C overnight, and the binding assays were performed at room temperature. The peptide 23 showed high affinity binding, whereas the truncation to GPSGPRGQOGVM (OE) and GPSGPRGQO (ƒ) almost abolished the binding (these two lines overlap). Shown is a representative of five experiments, each performed in duplicate. FIGURE 6. The effect of mutations in the ␣2 (I) chain of collagen I on the binding to SPARC ⌬I, ␣C. Binding assays with mutated procollagen I samples compared with a normal procollagen I, and procollagen samples were used as immobilized ligands. The data were obtained at 50 g/ml (1.7 M) of SPARC ⌬I, ␣C, and the binding to normal procollagen I was set to 100%. Mutations are disposed along the triple-helical domain according to the mutation site. The experiments were performed three times, and the S.D. of each datum was within 5-10%. served, including all five essential residues (Arg-149, Asn-156, Leu-242, Met-245, and Glu-246), and we predict that they may share binding sites on collagens with SPARC. The crystal structure of the EC domain of SPARC ⌬I, ␣C revealed that these five residues are arranged in a ring of ϳ15-Å diameter, surrounded by residues that made little contribution to collagen binding, and also suggested that two additional residues, Trp-153 and Pro-241, may be part of the collagen-binding site. This model suggested that the complementary SPARC-binding site on collagens does not extend beyond two Gly-X-Y triplets (29) . Recently the binding site for VWF in collagens II and III was identified using the Collagen III Toolkit (48) . The minimal sequence for VWF binding is RGQOGVMGF, which overlaps with the SPARC-binding sequence identified here. Interestingly, the collagen-binding receptor tyrosine kinase, discoidin domain receptor 2 also binds to the corresponding site on collagen II and to peptide 23 of collagen III tool kit (53) . Those truncated peptides of peptide 23 that still bound VWF failed to bind fully to SPARC, indicating that the binding sites for the two proteins are close but not identical. The smallest peptide found to bind fully to SPARC spans nine Gly-X-Y triplets, and because truncation to five triplets reduced the binding of SPARC (Fig. 5) , the full SPARC-binding site must embrace a longer stretch of collagen. In contrast, the collagen-binding sites of integrins (12) , glycoprotein VI (54), and discoidin domain receptor 2 (55) as well as of VWF accommodate no more than four triplets. However, the EC domain of SPARC is no larger than the collagen-binding domains of any of these proteins. The data obtained in this study may suggest substantial extra contributions from SPARC regions other than its mapped binding site. Currently we have no explanation of this discrepancy. Structural analysis of the SPARC-collagen complex at the atomic level is required to elucidate the precise molecular interaction.
One of us 4 proposed a regional model of OI mutations in the ␣2(I) chain, which occur in clusters of alternating lethal and nonlethal domains; the function of such domains is unknown but may reflect the pattern of binding sites for collagen ligands (56) . We have used seven differently mutated type I procollagen samples from OI patients, all of the mutations being single glycine substitutions in the ␣2(I) chain. The results obtained here demonstrate a selective effect among the mutations on the SPARC ⌬I, ␣C binding capacity of procollagen I; two mutations, one lethal and one nonlethal, cause a large decrease in affinity, whereas the other mutations (two lethal and three nonlethal) are largely without effect (Fig. 6 ). These results provide a possible correlation for one of the ␣2 (I) lethal clusters but do not appear to be related to the remaining clusters.
Collagen pathology is a complex field where mutations may have a local structural effects (e.g. the formation of a kink, described for some mutations) and/or long range influence (overmodifications in most cases, lower susceptibility to N-proteinase in some cases) (57); disruption of collagen epitopes and register alterations of the three chains cannot be excluded for single glycine substitutions. For a subset of Gly to Cys or Asp substitutions that also cause kinking, there is apparently a register shift that is propagated as far as all the way down the N-terminal end of the helix and disrupts N-proteinase processing, for example, Gly-718 (58) and Gly-748 (59) of ␣1 (I) chain. A local effect may be sufficient to explain the effect of the Gly-421 3 Asp mutation, very close to the main binding site for SPARC (Fig. 8B) ; the very low binding capacity to SPARC may be attributed to the presence of a structural abnormality at the mutation site (the formation of a kink) (60) . Furthermore, overhydroxylation of the conserved Lys-408 in the SPARC-binding site, present in both ␣1(I) and ␣2(I) chains, and/or of Lys-420 present in ␣2(I) only, and overglycosylation of the resultant Hyl might contribute to reduced binding. On the other hand, only a long range effect can be attributed to the Gly-688 3 Ser substitution, because it is far from the SPARC-binding sites (Fig. 8A) . We speculate that it may decrease binding through a long range effect, such as kinking or shifting the register between the ␣1 and/or ␣2 chains. This speculation of a discrete long range effect is strengthened by the fact that the nearby Gly-706 mutation does not disrupt SPARC binding.
One biological implication of SPARC-collagen interaction is the regulation of collagen fibrillogenesis as described in a recent publication by Rentz et al. (61) . It was found that fibril aggregation in collagens in the dermis of SPARC-null mice was inefficient, and they assembled with diameters of 60 -70 nm, a proposed intermediate range in collagen fibril growth. In vitro analysis also demonstrated that SPARC regulates processing of procollagen I and collagen fibrillogenesis. In this study, we analyzed collagen I fibrillogenesis in vitro in the presence of SPARC or SPARC ⌬I, ␣C. Although collagen fibrillogenesis was delayed in the presence of SPARC, the effect of SPARC ⌬I, ␣C was more pronounced, and the fibrillogenesis was inhibited almost completely even at levels equimolar with collagen. On the other hand, Hevin, which shares the critical amino acids for 4 J. C. Marini, unpublished observations. the collagen binding in the homologous EC domain with SPARC, was shown to enhance the collagen fibril formation (62) , and these proteins have opposite effects on the collagen assembly. The data obtained in this study suggest that SPARC may regulate the initiation of collagen fibril formation. This process might be modulated by proteolytic activation of SPARC. However, the mechanism for collagen fibrillogenesis in vivo is quite complex, and further analyses in vitro and in vivo are necessary to elucidate the function of SPARC.
Peptides derived from the C-telopeptides of the ␣1(I) and ␣2(I) chain were shown to inhibit collagen I self-assembly, and these peptides bound to a region between residues 776 and 822 of the ␣1(I) chain, narrowed to residues 781-794 by molecular modeling (63) . This region coincides with the second SPARCbinding site on collagen I and II demonstrated by both rotary shadowing and binding analysis using CNBr peptides. It is possible that SPARC binds to this self-assembly initiation site, but we cannot exclude the possibility that its binding to a region between 391 and 412 of ␣1(I) and ␣2(I) chains caused delay/ inhibition of collagen fibrillogenesis.
The biological consequences of SPARC binding to collagens in vivo may include the regulation of collagen assembly, but sequestration or complexing with collagen may also modulate the many biological activities reported for SPARC. These include anti-adhesive and anti-proliferative activities and the regulation of growth factor function (14, 15) . Furthermore, VWF and discoidin domain receptor 2 were shown to bind to the same region as SPARC (48, 53) , suggesting that SPARC might modulate their activities by competing with their binding to collagens. The data obtained in this study will provide defined ligands with which to manipulate and further study the function of SPARC.
